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Abstract 

An extension of the Standard Model to the local gauge group 
SU (3)c ® SU (3)1, (8) as a family independent model is presented. 

The mass scales, the gauge boson masses, and the masses for the spin 
1/2 particles in the model are studied. The mass differences between 
the up and down quark sectors, between the quarks and leptons, and 
between the charged and neutral leptons in one family are analyzed. 
The existence of two Dirac neutrinos for each family, one light and 
one very heavy, is predicted. By using experimental results from LEP, 
SLC and atomic parity violation we constrain the mixing angle be- 
tween the two neutral currents and the mass of the additional neutral 
gauge boson to be 0.00015 < sin6' < and 1.5TeV < Mz^ at 95% CL. 
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1 Introduction 



In spite of the remarkable experimental success of our leading theory of fundamen- 
tal interactions, the so called Standard Model (SM) based on the local gauge group 
5f/(3),(g)5t/(2)i(8)t/(l)y = GsM, with SU{2)l(S)U{1)y hiddenll and SU{3)c confined[g, 
it fails to explain several issues like hierarchical fermion masses and mixing angles, charge 
quantization, CP violation, replication of families, etc.. For example in the weak basis, 
before the symmetry is broken, the families in the SM are identical to each other; when 
the symmetry breaking takes place, the fermions acquire masses according to their exper- 
imental values and the three families become different. However in the SM there is not a 
mechanism for explaining the origin of families neither the fermion mass spectrum. 

These drawbacks of the SM have led to a strong belief that the model is still incomplete 
and that it must be regarded as a low-energy effective field theory originating from a more 
fundamental one. That belief lies on strong conceptual indications for physics beyond the 
SM which have produced a variety of theoretically well motivated extensions of the model: 
left-right symmetry, grand unification, supersymmetry, superstring inspired extensions, 
etci. 

At present, however, there are not definitive experimental facts that point toward what 
lies beyond the SM and the best approach may be to depart from it as little as possible. 
In this regard, SU (3)l ® f/ (l)x as a flavor group has been considered several times in the 
literature; first as a family independent theory and then as a family structure [^, ^ 
which, among its best features, provides with an alternative to the problem of the number 

of families, in the sense that anomaly cancelation is achieved when is a multiple of 
three; further, from the condition of SU (3)c asymptotic freedom which is valid only if the 
number of families is less than five, it follows that in those models A^ is equal to 3. 

Over the last decade two three family models based on the SU (3)c (S> SU{3) l®U (1)x 
local gauge group have received special attention. In one of them the three known left- 
handed lepton components for each family are associated to three SU{?i)l triplets as 
{uij' where /J is related to the right-handed isospin singlet of the charged lepton 

in the SM |p. In the other model the three SU{3)l lepton triplets are of the form 
(z//, /~, z/f ) L where uf]^ is related to the right-handed component of the neutrino field z^^lH- 
In the first model anomaly cancelation implies quarks with exotic electric charges —4/3 
and 5/3, while in the second one the exotic particles have only ordinary electric charges. 

A recent analysis of the SU {3)c®SU {3)l<^U{1)x local gauge theory (hereafter the 331 
group) has shown that, by restricting the fermion field representations to particles without 
exotic electric charges and by paying due attention to anomaly cancelation, six different 
models are obtained; while by relaxing the condition of nonexistence of exotic electric 
charges, an infinite number of models can be generated!]^. Four of the six models without 
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exotic electric charges are family models for quarks and leptons in which at least one of 
the 3 families is treated differently. The remaining two models are one family or family 
independent models. One of them, which was analyzed in Ref. 0], is an Eq subgroup. The 
other one, studied in this paper, is a subgroup of SU {6)®U{l)x, a new electroweak-strong 
unification group. For this last model we will do some phenomenological calculations in 
order to set the different mass scales and calculate the masses for all the spin 1/2 particles 
in one family. 

This paper is organized as follows. In the next section we introduce the model as 
an anomaly free theory based on the local gauge group SU{3)c ® SU{3)l ® U{l)x and 
show that it is a subgroup of an electroweak-strong unification group based on the gauge 
structure SU{6) U{l)x- In section three we describe the scalar sector needed to break 
the symmetry and to produce masses to the fermion fields in the model. In section four 
we study the gauge boson sector paying special attention to the neutral currents present 
in the model and their mixing. In section five we analyze the fermion mass spectrum. In 
section six we use experimental results in order to constraint the mixing angle between 
the two neutral currents and the mass scale of the new neutral gauge boson. In the last 
section we summarize the model, do a comparison between the model in Ref. p] and the 
present one and state our conclusions. A technical appendix on the diagonalization of the 
4x4 mass matrix for the charged leptons in the model is presented at the end. 



2 The fermion content of the model 

2.1 SU (3)c SU (3) L U{l)x as a one-family anomaly free model 

In what follows we assume that the electroweak gauge group is SU{3)l U{l)x which 
contain SU (2)^ ® ?7(l)y as a subgroup. We also assume that the left handed quarks (color 
triplets) and left-handed leptons (color singlets) transform as the 3 and 3 representations 
of SU{3)l respectively. We have an SU{3)c vectorlike as in the SM and, contrary to most 
of the 331 models in the literature [§,3, in our model the anomalies cancel individually 
in each family as it is done for the SM. 

The most general expression for the electric charge generator in SU{3)l ® U{l)x is a 
linear combination of the three diagonal generators of the gauge group 

Q = a^L + -^bTsL + X/s, (1) 

where Tn = XiL/'^, \l being the Gell-Mann matrices for SU{3) l normalized as ti^XiLXji) = 
2Sij, and J3 = Dg{l, 1, 1) is the diagonal 3x3 unit matrix. Choosing a = 1 gives the 
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usual isospin of the electroweak interactions. X and b are arbitrary parameters to be fixed 
next. 

We start by defining two SU (3) l triplets 



XL 




I 



e 



where qi^ and li^ are SU (2) singlet exotic quark and lepton fields respectively. Now, if the 
(^[/(S)^, f/(l)x) quantum numbers for and ■j/'i are (3,X^) and (3, X^) respectively, 
then by using eq. (ffl) we have the relationship 



Xy + X^ — Qq + Ql 



-1/3, 



(2) 



where Qq and Qi are the electric charges of the SU{2)l singlets qi and II respectively, in 
units of the absolute value of the electron electric charge. 

Now, in order to cancel the [SU{3)l]^ anomaly two more SU{3)l lepton triplets with 
quantum numbers {3,Xj} ,i = 1,2, must be introduced (together with their correspond- 
ing right-handed charged components). Each one of those multiplets must include one 
SU{2)l doublet and one singlet of new exotic leptons. The quarks fields u^, dl and g£ 
color anti-triplets and SU{3)l singlets, with U{l)x quantum numbers Xu, Xa and Xg 
respectively, must also be introduced in order to cancel the [S'?7(3)c]^ anomaly. Then 
the hypercharges Xa with a = V'? 1; 2, u, c?, g, ... are fixed using Eqs. (Q), (0) and the 
anomaly constraint equations coming from the vertices [SU{3)c]'^U{l)x, [SU{3)l]'^U{1)x, 
[grav]'^U{l)x and [f/(l)x]^, where [grav]'^U{l)x stands for the gravitational anomaly 
These equations are: 



[SUi3hrUil) 
[grav]'^U{l) 



X 



X 



X 



X 



3Xy, + Xu + Xd + Xg — 

3X^ + + Xi + X2 = 

9X^ + 3X„ + 3Xd + 3Xg + 3X^ + 3Xi + 3X2 + ^ X^, = 

singl 



9X^ + 3X 



3X5 + 3X, 



3 



3X^ 



3X1^ + 3X^ 



-3 

Hs 



0, 



singl 



where X;^ are the hypercharges of the right-handed charged lepton singlets needed in 
order to have a consistent field theory. 

In order to fix the parameter b, let us use for qi an exotic up type quark U of electric 
charge Qg = Qjj = 2/3. This fixes b = 1/2, which implies Qi = —1 and then will be an 
exotic electron E^^. Then we have 
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Xl= u \ , iPl= \ e- 

In the former analysis we have used in the symmetry breaking chain SU{3)l — > 
SU{2)l®U{1)z the branching rule 3 — > 2(1/6) + 1(— 1/3), where the numbers in paren- 
thesis are the new Z hypercharge values. Then, by using the electric charge genera- 
tor in Eq.(0) that we now may write as Q = T^l + Z + X, we have that = 1/3, 
Xu = Xu = —2/3 and X^ = 1/3. For those values the anomaly [SU{3)cYU{l)x is 
automatically canceled. Using the same argument we obtain X^ = —2/3. Then, the 
anomaly constraint equations imply: Xi + X2 = —1/3, J2singi^fs + + 3X| = 20/9 
and J2singi ^is = 3. By demanding for leptons of electric charges ±1 and only, we must 
introduce, for the simplest solution, three equivalent singlets with hypercharges Xis = 1, 
/ = 1, 2, 3. Then Xi = 1/3 and X2 = -2/3. 

We thus end up with the following anomaly free multiplet structure: 





( \ 








XL = 




dl 


ul 




(3,3,i) 


(3,l,i) 


(3,1,-i) 


(3,1,-1) 



V'L = 


f:0 






(Et \ 

[ K ) 


J, 


^2L = 


E2 
[Es ) 


T, 




EtL 


EtL 


(1,3,-i) 


(1,3, i) 


(1,3,-i) 


(1,1,1) 


(1,1,1) 


(1,1,1) 



The numbers in parenthesis refer to the {SU{3)c, SU{3)l,U{1)x) quantum numbers re- 
spectively. 



2.2 SU{3)c SU{3)l ^ U{l)x as an SU{6) U{l)x subgroup 

In a model based on a local gauge group SU{6) ® U{l)a, the minimal choice of chiral 
multiplets that are free of the [S'?7(6)]^ anomaly is 6 © 6 © 15 [|10]- If we want to apply 
this group structure to the model in section 2.1, three SU{6) singlets with identical 
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hypercharges ai must be introduced. The anomaly constraint equations read now 



[sum'm 

[grav]'^U{l) 



"6 + a'e + 4a;i5 = 

Qoq + Ga'g + 15q;i5 + 3ai 





= 0, 



where a^, and ais are the U{l)a hypercharges for the representations 6, 6 and 15 
respectively. Since a priori there is no way to distinguish between the two 6 represen- 
tations, we assume that ag = a'g and so the solution to the former set of equations is: 
ai = 3ai5 = — |q;6 = «, where a is a free parameter. 

Using for the symmetry breaking chain SU{6) — > SU{3)c ® SU{3)l ® U{l)f3 the 
branching rules 6 — ^ (3, l)(-/3) + (1, 3)(/?) and 15 — > (3, 1)(2/?) + (1, 3) (-2/3) + (3, 3)(0) 
| ]TT| , we see immediately that the model in section 2.1 for the gauge group SU{3)c ® 
SU{3)l ® U{l)x is a subgroup of the gauge group SU{6) U{l)a as far as we identify 
a = X = 1. The particle content of the irreducible representations in SU{6) are 



e~ 



( ui \ 

V ^3" 



15= 








d\ 


-dl 


dl 


Ui 


Ui 


\ 




-d\ 





dl 


d2 


U2 


U2 






d% 


-dl 





ds 


Us 


Us 






—dl 


-d2 


-4 





K 


Et 






-Ml 


-U2 


-M3 


-< 





N^i 




V 




-U2 


-Us 


-Et 







/ 



EtL, 



EtL- 



Since our SU{Q) ® U{l)x is not a subgroup of Eq, the model introduced here is not 



related to the superstring derived flipped SU (6) model [ff2 



3 The scalar sector 

Our aim is to break the symmetry following the pattern 

SU{3)c ® SU{3)l ® U{l)x SU{3)c ® SU{2)l ® f/(l)y Sf/(3), ® U{1)q 

and give, at the same time, masses to the fermion fields in the model. With this in mind 
we introduce the following two Higgs scalars: 0i(l,3, 1/3) with a Vacuum Expectation 
Value (VEV) aligned in the direction (0i) = (0,0, 1^)^ and 02(1,3,1/3) with a VEV 
aligned as (02) = (0, f /v^, 0)^, with the hierarchy K > ~ 250 GeV (the electroweak 
breaking scale). The scale of V is going to be fixed phenomenologically in section 6. 
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Note that 0i and 02 have the same quantum numbers but they get VEVs at different 
mass scales. This is necessary in order to give a large mass to the exotic quark and a 
realistic mass to the known up quark via a mixing with the exotic quark, as we will see 
in section 5. 

One more Higgs scalar 03(1,3, —2/3) is needed in order to give a mass to the down 
quark field in the model but, as we will discuss in section 5, the most convenient VEV for 
this new scalar is zero ((^s) = 0). 



4 The gauge boson sector 

In the model there are a total of 17 gauge bosons: One gauge field associated with 
U{l)xi the 8 gluon fields associated with S'f/(3)c which remain massless after breaking 
the symmetry, and other 8 associated with SU{?i)l which, for 6 = 1/2 in Eq.([^), can be 
written as: 



where = A^/V2 + A^/VQ, = -A^/V2 + A^/VQ, and = -2A^/VQ. Xi, i = 
1, 2, 8, are the eight Gell-Mann matrices normalized as mentioned in section 2.1. 

After breaking the symmetry with (0i) + (02) and using for the covariant derivative 
for triplets D'^ = — i^XaA'^ — ig'XB'^, we get the following mass terms for the charged 

gauge bosons: = ^v^, M|.± = ^V^, and M^^^j^o) = ^{V^ + v^/2). For the three 

neutral gauge bosons we get mass terms of the form: 

= ^ - ^) + ^(^^ - + tI ) • 

By diagonalizing M we get the physical neutral gauge bosons which are defined through 
the mixing angle 9 and Z^, Z'^ by: 

Zi = Z^ cos 9 + Z'^sinO , 
Z2 = —Zfj_sm6 + Z'^cosO, 

where 



-.^(1 - 2gg,)v-3 - 4gg, 
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The photon field A^^ and the fields and Z'^ are given by 



Z^ = Ci^^^ 



w 



■>w 



Z'^ = -(l-T^/3)^/2^^ + ^E 

v3 



T, 



(4) 



Sw — V^g'/ \/3^^~+4^ and Cw are the sine and cosine of the electroweak mixing angle 
respectively and Tw — Sw/Cw We can also identify the Y hypercharge associated with 
the SM gauge boson as: 



(5) 



4.1 Charged currents 

The Hamiltonian for the charged currents can be written as 

+K'^(-ULruL + N',^r<L + E^Ll'E^^ + el^E^L)] + H.c, 



(6) 



which implies that the interactions with the and K^{K^) bosons violate the lepton 
number and the weak isospin. Notice also that the first two terms in the previous ex- 
pression constitute the charged weak current of the SM as far as we identify as the 
SU{2)l charged left-handed weak bosons. 



4.2 Neutral currents 

The neutral currents J^{EM), J^i{Z) and J^i{Z') associated with the Hamiltonian = 
eA^J,{EM) + ^Z^J,{Z) + ^,Z'^J,{Z') are: 

2_ 1_ 2- 

J^,{EM) = -u-f^,u - -d-ff,d + ^U^nU - 6-7^6" - E~-f^E- - E'-f^E- - E-^^E' 

f 
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J^iZ') = TwMEM)-J^,LiZ'), (7) 



where e = gSw = g'Cwy^ — > is the electric charge, g/ is the electric charge of 

the fermion / in units of e, J^{EM) is the electromagnetic current, and the left-handed 
currents are 

Jf^AZ) = ^{uL'y^,UL-dL-f^,dL + l^eLJ^^l^eL-el'y^el + N^-f^N^-E^J^E^) 
f 

= ^T^ffL'^^fi, (8) 

/ 

where S2W = IS^Cw, T^w = S2W/C2W, C2W = - iV^^iVO = N^2l1^N^2L + 
NJrI.NI^ = N'2Ll,N^L - N^il.Nli = N^Ll.N^L ' N'.lI.N^l, and similarly i?27^i?2 = 
£'2£,7^-E2L — -£'2L7/i-£'2L- ^^is Way T^f = Dg{l/2, —1/2,0) is the third component of 
the weak isospin and Tgj = Dg{S2w,T2i^, —T^^) is a convenient 3x3 diagonal matrix, 
acting both of them on the representation 3 of SU{3)l. Notice that J^{Z) is just the 
generalization of the neutral current present in the SM. This allows us to identify as 
the neutral gauge boson of the SM, which is consistent with Eqs.(|) and (|^). 
The couplings of the mass eigenstates and Z2 are given by: 

i^"^^ = ^E^fE{/7.KL(/)(l-75)+a,,ii(/)(l + 75)]/} 
2.L-W i=i f 
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2G 



E J2{hMf)^v - ^7(/)m75]/}, 



w i=i 



where 



aiiif) = cos 9{Ty - QfSlr) - ^~~^^^^^^f ~ ^/^w/) , 

amif) = -qfSwicosOSw - ^^^) , 

a2L(/) = - sm OiT^f - qfS^) j= — (Tg/ - qfTw) 

9 



and 



«2ii(/) = qfSwisinOSw + ^ ) (9) 



9{f)iv = cos9{T3f - 2S^qf) - ^-^S-{T^fCw - '^QfSw) , 



COS 

9{f)2V = -sine{T^f-2Sl,qf)-^-—^{T^fCw-2qfSw), 

sill 

^(/)2A = -sin^Taz-^-^Tg^Ci^. (10) 

The values of giv, 9iA with i = 1, 2 are hsted in Tables 1 and 11. As we can see, in the 
limit ^ = the couplings of to the ordinary leptons and quarks are the same as in the 
SM, due to this we can test the new physics beyond the SM predicted by this particular 
model. 



TABLE 1. The — > // couplings. 



f 


9U)w 


9{f)lA 


d 


( \ + ^-^)[cose sin^/(4C^ 1)1/2] 


-i(cos^^ - sin ^/[2(4C2 -1)1/2]) 


u 


Pn„/3('l 454. N sine fl 1 


1 cos ^ + sin ^^(1/2 - 52^)7(4^2, - 1)1/2 


U 


'-^^ sin^^(l i5^)/(4C2. 1)1/2 


-C^sin^/(4(:72^- 1)1/2 


e~ 


C0g6'( 2 1 ^S^;) (4C^ -1)1/2(2 1 ^w) 


cos H sin y (I C2 \ 

2 (4C^-l)i/2l2 '^W) 


El, E^ 


2cos9S'^ + j^^0^il-3S'^) 


C2,sin^/(4C2,- 1)1/2 


E2 


cos^^(-l + 25^)- 


-C2.sin^/(4C2.- 1)1/2 




i[cos^ - sin ^/(4C^- 1)1/2] 


i[cos^-sin^/(4C^- 1)1/2] 


K 


C2,sin^/(4C2,- 1)1/2 


C2,sin^/(4C2,- 1)1/2 




2Cos^ (4C^_i)i/2 (1/2 •S'^) 


2 cos 6' (1/2 5*^^) 
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TABLE II. The Z!^ — > ff couplings. 



f 


9{f)2V 


9{f)2A 


d 


(i '';^)[sin^ + cos^^/(4C^ 1)1/2] 


i(sin0 + COS 0/[2(4C2 -1)1/2]) 


u 


-sm^(|-^) + (^^f^(| + %) 


-i sin e + cos 0(1/2 - S^)/{AC^ - l)i/2 


U 


^^-r' cos 0(1 ^5^)/(4C2, 1)1/2 


-C2,COS0/(4C2,- 1)1/2 




sm9{ 2 + 25'vi/) (4Cj5j,-i)i/2 (2 + "^H^) 


siny cose fl Q2 \ 
2 (4C^-l)i/2l2 "^W) 




^oin^^jy 1 ^^^2^ _^^i/2 (1 35"^) 


C2,cos0/(4C2,-l)i/^ 


E2 


sin0( 1 + 25^) (4c2 -1)1/2 


-C2,COS0/(4C2,- 1)1/2 




-i[sin0 + cos 0/(4C^- 1)1/2] 


-l[sin0 + COS 0/(4C^- 1)1/2] 


K 


C^cos^^/(4C2,- 1)1/2 


C2,COS0/(4C2,- 1)1/2 




2sm6' ^^^|^__^ji/2(l/2 'S'ly) 


2Gin6' ^^p2^_yiy2 (1/2 'S'm/) 



5 Fermion masses 



The Higgs scalars introduced in section 3 not only break the symmetry in an appropriate 
way, but produce the following mass terms for the fermions of the model: 



5.1 Masses for the up quark sector 

For the quark sector we can write the following Yukawa terms: 

J^Y = xlC{K(p2ul + hu(piUl + Ku<p2Ul + huu<l)iul) + H.c, (11) 

where /i^, i] = u,U,uU,Uu, are Yukawa couplings of order one and C is the charge 
conjugate operator. From Eq.(|ll]) we get for the up quark sector a mass matrix in the 
basis (m, U)l of the form: 

For the particular case hu = h^u = hjju = hu = h, the mass eigenvalues of the pre- 
vious matrix are m„ = and mu = h{V + v/\^). Since there is not a physical 
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reason for the Yukawas to be equal, let us calculate the mass eigenvalues as a func- 
tion of |Mu[/| = {huhjj — huuhuu) the determinant of the Yukawas, and in the ex- 
pansion v/V. The algebra shows that mu ~ huV + huv/\/2— \Muu\v'^ / \/^Vhu and 
rriu — v\Muu \ (1 + huuhuuv/ V2Vhfj) / \/2hu, so a large mass is generated for the exotic up 
quark and for the other one, associated with the ordinary up quark, a mass lowered by 
the determinant |M„[/| which we expect to be smaller than one. 

5.2 Lepton masses 

For the lepton sector we have the following Yukawa terms: 

+iPlC(f);{hnet + hi2EtL + h^E+L) + t/j^^CcPlihi^et + h^E+L + /^le^a^L) 
+H.C., (13) 

where a, b, c are SU{3)l tensor indices and the Yukawas are again of order one. 



5.2.1 Masses for the neutral leptons 

For the neutral leptons Eq. ([T3|) produce, in the basis (z/g, z/g, A''i, A^2), the mass matrix 



N 



( ~h2v/^ hiV \ 

-h2v/V2 h4v/V2 

hV -hsV 

\ -hsV J 

The eigenvalues for this matrix are 



(14) 



mi = ±J^{A + VA^ - 4^2) 



'1 



m2 



±J-iA-VA^-4D^), 



where A = V'^{h\ 



hi) 



hi) 



and = V^v^ihih^ - /i2/i3)/2. These val- 



ues imply for this model that there are two Dirac neutrinos for each family, 
particular case D 



For the 
0, which 
In the 



we find rm = ±V^{hl + hj) + ^{hl + hi) and ma 
means a massless Dirac neutrino and, in the limit V ^ a, very massive one. 
case Z) 7^ and \D\ <^ \A\, an expansion of mi,i = 1,2, in powers of D'^/A^ gives: 

mi = ±v^(l - D^/2A^ + ...) 



±vJh\ + hi and ma = ±D/v^(l + D'^/2A^ + 
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±f (/ii/i4 — /i2^3) /y 2(^1 + ^3) (ill the limit V ^ v), which means that the mass of the hght 
neutrino is suppressed with respect to the scale v by the small value of hih^ — h2h3 ~ D. 
Notice that D = if we impose in our model the symmetry (pi < — > ±02 which implies 
hi = ±/i2 and /13 = ib/14. 



5.2.2 Masses for the charged leptons 

For the charged leptons Eq.(IT3|) produces, in the basis {e, Ei, E2, E^^), the mass matrix 



M, 



eE 



( hiiv/^/2 hi2v/^/2 

hi4v/\^ hi^v/^/2 
\ hsV hgV 



-hiV 
h2v/V2 

-hsV 
h4v/V2 



hi3v/V2 \ 

hi^vj^pl 
hi^V ) 



(15) 



and we must find the eigenvalues for the matrix M^e^Ie = ^^("^^j 



Let us first consider the particular case M^(f = 0, (see Appendix A). In this case 
we have first that detM^(f = 0, y) = 0, so, there is a zero mass eigenstate that we 
may identify as the electron (for the first family for example). Second, has three 
eigenvalues different from zero and of the order which means that at the first stage 
of the symmetry breaking chain 



5t/(3)e®5f/(3)L®f/(l) 



X 



1) 



SU{3)c(»SU{2)l(E)U{1) 



the three exotic charged leptons get heavy masses of order >> 
electroweak breaking mass scale). 

Now, for V and by taking profit of v/V <^ 1, we can diagonalize 
matrix perturbation theory up to first order in the perturbation | |13[ |. 
show that, at this order, three eigenvalues of are of the order V"^ 
corresponding to the mass of the lightest charged lepton is given by 



250 GeV (the 



V, V) using 
In Appendix A we 
and the eigenvalue 



hp' 



2hih3K^ 



2{hj + hi) 



where 



hl, + h' 



15 



J' 



hl,+h' 



12 ■ 



-/i?3 and 



^11^14 + ^12^15 + ^13^16- Notice 
that with Yukawas of the order one ^ ^ K^^ and rrie is suppressed with respect 
to the scale f by a small difference of Yukawas, namely hi — h^. It is worth noticing that 
the value of rrie is independent of the symmetry 0i < — > ±02 which makes zero the mass 
of the light neutrino. 
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5.3 Mass for the down quark 

The down quark does not get a mass at zero level. There are two alternatives if we want 
to produce a mass for this field: 

1- Introducing a third Higgs scalar (j)3{l, 3, —2/3) with a VEV {(f)3) = {v' / ^/2, 0, 0)^, where 
v' ~ V, will immediately produce a tree level mass term rrid = hd v' /\/2. 

2- Introducing the same Higgs scalar 03(1,3,-2/3) but without a VEV ((^s) = as 
mentioned in section 3) produces a one- loop radiative mass for the down quark d. Fig.l 
shows one of the diagrams contributing to this mass. A similar diagram is obtained by 
simultaneously replacing (pi by and 0° by 0? in Fig.l. 

In both cases 03 does not introduce new mass terms for the leptons in the model. 
From the two alternatives discussed above, we prefer the second one since it is the only 
one generating a natural small mass value for the down quark d. For the first alternative 
we must explain either why f' << f or why hd, the Yukawa coupling for the down quark, 
is much less than one. 



6 Constrains on the {Z^ — Z'^) mixing angle and the 
Z2 mass 

To get bounds on sin 9 and M^^ we use experimental parameters measured at the Z pole 
from CERN e^e~ collider (LEP), SLAC Linear Collider (SLC) and data from atomic 



parity violation as given in table III ||14|, |T^. The expression for the partial decay width 
for Zi in two fermions is 



3 

l+6f)RQCD+QED, (16) 



where / is an ordinary SM fermion with rrif < Mz^/'2, Z^ is the physical gauge boson 
observed at LEP, Nc = 3(1) is the number of colors of quarks (leptons), Rqcd+qed are 



the QCD and QED corrections and /5 = y 1 — 4m^/M|^ is a kinematic factor. The factor 
5f contains the one loop vertex contributions and it is zero for all fermions except for 
the bottom quark for which it can be written as 5^ ~ 10~^(— m^/(2MU + 1/5) [ll6[ . 



The p parameter has two contributions, one of them is the oblique correction given by 
5p ~ 3Gi?m^/(87r^-\/2) and the other one is the tree level contribution due to the {Z^ — Z'^ 
mixing and can be parametrized as 5pv ~ (Mf^/Mf^ — l)sin^^. Finally, g{f)iv and 
g{f)iA are the coupling constants of the field with ordinary fermions and they are 
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listed in table I. In the following we will use 



mt = 174.3 GeV, a,(m^) = 0.1192, 
a{mz)-^ = 127.938, and = 0.2333. 

The effective weak charge in atomic parity violation, Qw, can be expressed as a 
function of the number of protons {Z) and the number of neutrons (A^) in the atomic 
nucleus in the form 

Qw = -2 [(2Z + iV)ci„ + iZ + 2iV)cw] , (17) 
where Cig = '2g{e)iAg{<l)iv- The theoretical value for Qw is given by |17| 



Q 



n33 

W{55 



-73.09 ± 0.04 + AgvK- 



AQw, which includes the contributions of new physics, can be written as ITS 



AQ 



w 



1 + 4- 



C2 



02 



5pv + ^Q'w- 



(19) 



The term ^Q'w is model dependent and it can be obtained for our model by using g{e)iA 
and g{q)iv from Table I. The value we obtain is 



AQ'^ = (8.49Z + 5.59A^) sin0 - (3.10Z + 2.62A^) 



Ml 



(20) 



The discrepancy between the SM and the experimental data for AQw is given by p!9| 

AQw 



1.03 ±0.44 . 



(21) 



Introducing the expressions for Z pole observables in eq.(16), with AQw in terms of 
new physics in eq.(|T^) and using experimental data from LEP, SLC and atomic parity 
violation (see table III), we do a fit ^-nd we find the best allowed region for sin^ vs. 
Mz, at 95% CL. 
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TABLE III. Experimental data and SM values for the parameters 







OiVl 


i z l^vje V J 




Zi.^tjuo zn u.uuiu 


V(hnrl^ mpV"! 
11/ luiUj J I vjrc V ) 


1 7444 + n nn9n 


1 7407 + n nni e; 


lit i J \ iV±C V ) 


oo 004 _)_ n HOC 






on or\A _L n nc:r) 


on 740 1 n ni 






n ni (^p: _L n nnnQ 


Rb 


0.21653 ±0.00069 


0.21572 ±0.00015 


Rc 


0.1709 ±0.0034 


0.1723 ±0.0001 


AFB{h) 


0.0990 ±0.0020 


0.1039 ±0.0009 


Afb{c) 


0.0689 ±0.0035 


0.0743 ± 0.0007 


Afb{s) 


0.0976 ±0.0114 


0.1040 ±0.0009 




0.922 ±0.023 


0.9348 ± 0.0001 


Ac 


0.631 ±0.026 


0.6683 ± 0.0005 


As 


0.82 ±0.13 


0.9357 ±0.0001 


AeiVr) 


0.1498 ±0.0048 


0.1483 ±0.0012 


QwiCs) 


-72.06 ±0.28 ±0.34 


-73.09 ±0.04 



In Fig. 2 we display the allowed region for sin 6 vs. at 95% confidence level. The 
result is 



- 0.00015 < sin0 <0 
1.5TeV< Mz^, 



(22) 



which shows that the mass of the new neutral gauge boson is compatible with the bound 
got in pp collisions at the Tevatron The negative value for 6 obtained from phe- 

nomenology is consistent with the negative value on front of Eq.(^), which by the way 
implies 60 TeV <V< oo, where the oo upper limit is clearly seen from Fig. 3 (sin^^ 
when Mz2 — ^ oo). 



7 Concluding Remarks 

We have presented an anomaly-free model based on the local gauge group SU{3)c ® 
SU{3)l ® U{l)x which is a subgroup of an electroweak-strong unification group SU{6) ® 
U{l)x, does not studied in the literature so far. We break the gauge symmetry down to 
SU{3)c ® U{1)q and at the same time give masses to the fermion fields in the model in 
a consistent way by using three different Higgs scalars (pi, z = 1, 2, 3 with {(p^) = and 
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7^ 0, i = 1, 2 as stated in section 3. This Higgs fields and their VEVs set two different 
mass scales: v ~ 250 GeV «V , where V TeV. By using experimental results from 
LEP, SLC and atomic parity violation we bound the mixing angle and the mass of the 
additional neutral current to be -0.00015 < sin6' < and 1.5 TeV < Mz^ at 95% CL. 

The mass spectrum of the fermion fields in the model arises as a consequence of 
the mixing between ordinary fermions and their exotic counterparts without the need of 
different scale Yukawa couplings. Conspicuously, the four neutral leptons in the model 
split as two Dirac neutrinos one heavy and the other one light. 

Notice that all the new states are vector-like with respect to the SM quantum numbers. 
They consist of an isosinglet quark U of electric charge 2/3, a lepton isodoublet (-E^, N^)^ 
with {N^l = in the weak basis), and two charged lepton isosinglets and E^^. 
Besides, a right-handed neutrino field is naturally included in the weak basis. 

The model in Ref.[§] is also a one family model like the one presented here and uses 
the same value for the b parameter in the electric charge generator Q; so, the gauge 
boson content of both models is the same. Now, for the model in Ref. |§] there are 27 
Weyl fields which are the same fields present in the fundamental representation of the 



electroweak-strong unification group Eq |]2T[; in our model there are 30 Weyl fields which 



can be accommodated in the representations of a new electroweak-strong unification group 
SU{6) ® U{l)x which is not a subgroup of Eq, so the fermion content of the two models 
is different. 

The low energy predictions of the two models are also different. Even though the low 
energy charged sector of both models looks alike, it is not so for the neutral sector. The 
model in Ref . |Q allows for a second neutral current associated with a mass as low as 600 
GeV and predicts for each family the existence of a tiny mass Majorana neutrino and a 
Dirac neutrino with a mass of the order of the electroweak mass scale. For the model in 
this paper there is only a small mass Dirac neutrino in each family and the mass scale of 
the second neutral current is of the order of a few TeV. Also the scalar sector of the two 
models is quite different. 

Finally we like to emphasize the way how the fermion masses in one family are gen- 
erated in the model presented in this paper: First, all the exotic fermions get very large 
masses, while the lightest charged lepton acquires a mass at tree level of the order of 
{hi — h^)v (in the limit V ^ v), suppressed as a consequence of the mixing with exotic 
charged leptons. The up quark gets a mass at tree level suppressed also as a consequence 
of a mixing with a heavy exotic up type quark. The down quark gets its mass as a one- 
loop radiative correction. Finally there is a Dirac neutrino in each family with a mass 
suppressed by differences of products of Yukawa couplings. This unfamiliar way to gener- 
ate masses might lead to explanations for the major trends in the masses of the fermions 
within one family (the first family for example). 
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APPENDIX 



In this appendix we diagonalize perturbatively the mass matrix M^e for the charged 
leptons which appears in section 5.2.2. This matrix can be written as 



( hiiq hi2q -hi hi^q \ 

he h2q h-j 

huq hi5q -h^ hieq 

V hs hg h^q hio ) 



where q = v/{^/2V) -C 1. 



The matrix M'^{v, V) = MceMJe can be separated as = V^{M^ + M'^{q)), where 
V^M^ = M2(v = 0,y) and 



f hi 

A'' 

hih 
\ 



hihs 


hi 




\ 


C2 / 



M'{q) 



( 


J2g2 






E\ 




D^q 


hW 


F'q 


h2hY 




KY 


F^q 


HY 


G^q 


V 






G\ 


hjq' 



J 



In Mq and M^{q) the parameters are related to the Yukawas in the following way 



A" 

B^ 
E^ 



hl + hl + h^,. 

h^hs + hehg + hrho , 

hl + hl + hlo , 

-/ii/i2 + h^hn + hehu + h^his , 
-hih4 + hshu + hghi2 + /iio/iis , 
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= -/l2^3 + ^5^14 + ^6^15 + ^7^16 , 

= /iii/ii4 + hi2hi5 + hnhie . 



The eigenvalues of the matrix V Mq are 



= 



2 



5 



^03 



04 



We now rotate M'^{q) using the matrix of eigenvectors of Mq. After the algebra is 
done we get, at first order in the expansion v^/V'^, the following four eigenvalues 



mj = [{hjH'' + hlJ^-2hih3K^)/[2{hl + hl)]y , 
ml = + 0{v^) , 



where mi corresponds to the mass of the lightest charged lepton and 0{v^) stands for 
corrections of order v'^ to the squared masses of the exotic charged leptons. 
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Figure 1: A one-loop diagram contributing to the radiative generation of the down quark 
mass. 
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Figure 2: Contour plot displaying the allowed region for sin^ vs. Mz^ at 95% CL. 
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